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I .  SUMMARY 


Lockheed  and  Boeing  each  made  a  series  of  tests  in  aircraft  fuel  tank 
simulators  to  provide  an  improved  understanding  of  the  flowability  and 
pumpability  of  jet  fuels  at  or  below  their  freezing  point  where  waxy 
components  separate.  Each  simulator  represented  a  section  of  an  aircraft  wing 
fuel  tank.  Tests  simulated  the  low  temperature  cruise  environment  associated 
with  long  duration  flights  under  extreme,  high-altitude  conditions.  Holdup, 
the  fraction  of  unavailable  fuel  remaining  in  the  tank  after  attempted  fuel 
withdrawal,  was  used  to  characterize  pumpability  after  low  temperature 

exposure. 

The  test  fuels  were  derived  from  widely  differing  crude  sources  and  were 
selected  to  cover  a  range  of  freezing  points.  Two  of  the  test  fuels  were 
common  to  the  Boeing  and  Lockheed  investigations  in  order  to  assess 

variability  due  to  simulator  construction.  One  fuel  in  the  Lockheed  program 
contained  a  flow  improver  additive.  In  the  Boeing  program,  one  fuel  was  a 

blend  of  JP-5  and  9%  marine  diesel  fuel. 

The  Lockheed  and  Boeing  simulators  produced  generally  similar  results  when 
tested  over  a  range  of  tank  skin  temperatures,  fuel  discharge  temperatures, 
and  tank  agitation  modes  (slosh,  vibration,  quiescent).  From  these  results,  a 
model  was  developed  to  predict  holdup.  The  approximate  average  of  a  fuel's 

freezing  point  and  pour  point  was  found  to  correlate  well  with  holdup 

tendencies  in  fuel  tanks  exposed  to  low  temperatures. 

This  report  on  the  low  temperature  behavior  of  aviation  turbine  fuels:  (1) 

Reviews  the  findings  of  the  Boeing  and  Lockheed  simulator  investigations,  (2) 
Develops  a  useful  correlation  between  laboratory  tests  on  fuels  and  their 
performance  in  simulator  tests,  (3)  Discusses  the  low  temperature  fuel 

properties  that  assure  satisfactory  aircraft  operation,  and  (4)  Recommends 
additional  work  needed  to  develop  better  models  to  predict  low  temperature 

Dehavior  of  fuels  in  operating  aircraft. 


II.  BACKGROUND 


Tne  jet  fuel  supply  crisis  ot  1973/74  accelerated  interest  in  trie  low 
temperature  properties  of  aircraft  fuels  because  the  freezing  point 
specification  test  appeared  to  be  a  possible  limitation  in  expanding 
availability.  Fuel  freezing  point  is  defined  as  the  temperature  at  which  wax 
crystals  melt  ana  disappear  upon  reneating  after  fuel  nas  been  cooled  to  the 
point  where  wax  crystals  appear.  The  test  measures  the  upper  limit  of  a 
temperature  band  in  which  solid  ana  liquid  phases  co-exist  and  some  flow  can 
occur.  Freezing  behavior  of  fuels  used  for  long-range  flights  of  several 
nours  duration  is  or  primary  concern.  Prolonged  operations  in  the  low 
temperatures  of  cruising  altitudes  can  permit  fuel  to  chill  to  a  point  where 
phase  separation  begins.  The  fuel  would  not  cool  to  ambient  temperature,  but, 
due  to  aerodynami  c  heating  effects,  would  approach  the  recovery  temperature. 
Recovery  temperature  is  above  ambient  by  about  90*  of  the  ram  temperature  rise 
calculated  at  the  aircraft  Mach  number.  For  example,  at  a  27,000  foot 
stanaara  aay,  Mach  O.b  cruise  condition,  ambient  temperature  would  be  -B6.fcC 
( -6 S'. 7°F )  and  recovery  temperature  would  be  2 5 °C  (45CF)  higher  or  -21.6CC 
{ -2^.7CF ). 

ASTl-i's  Technical  Division  J  on  Aviation  Fuels  conducted  a  survey  of  the 
aviation  ana  petroleum  industries  on  raising  the  freezing  point  of  Jet  A-l, 
tne  Tuel  used  internationally,  and  then  staged  a  December  1976  Symposium  on 
Jet  Fuel  Low  Temperature  Requirements  (Reference  1).  This  activity  led  to  a 
relaxation  ot  both  ASIA'S  U 1655  Specif ication  and  lATA's  buiaance  Material  for 
Jet  A-l  from  -5CCC  to  -47CC  maximum  freezing  point  in  oraer  to  improve 
a vai labi  I  ity . 

Looking  beyono  the  present  to  the  availability  limitations  of  future  fuels, 
NASA's  Lewis  Research  Center  held  a  workshop  on  jet  aircraft  hydrocarbon  fuels 
tecnnology  in  1977  (Reterence  2).  One  of  the  recommendations  of  that  workshop 
was  to  experimentally  investigate  the  fuel  freezing  behavior  in  a  fuel  tank  to 
determine  it  two-phase  flow  could  be  toleratec. 

Subsequently,  NASA  let  a  contract  to  the  Locxneed  California  Company  to  stud\ 
trie  cola  Tlow  behavior  of  tuels  in  a  simulated  aircraft  wing  tank.  NASA  also 
requested  the  CRC  group  on  Low  Temperature  Flow  Properties  ot  Aviation  Turbine 
Fuels  to  recommend  fuels  to  be  used  in  the  Lockheed  study.  The  CRC  group 
recommended  and  supplied  test  fuels  selected  from  paraffinic  and  naphthenic 
crude  sources,  lhe  CRC  conducted  a  variety  of  laboratory  tests  on  these  tuels 
in  addition  to  determining  their  freeze  points  using  the  specification 
method.  Various  chemical  and  physical  properties  of  the  fuels  were 
determined.  The  fuels  were  subjected  to  additional  tests  using  methods  which 
might  be  useo  to  oescribe  lov<  temperature  handling  characteristics.  Results 
of  the  CRC  tests  were  appended  to  the  Lockheed  report  (Reference  2).  Analyses 
ana  conmerts  or  the  Lockheed  test  data  were  reported  i r  Reference  7. 

Acte'  comoletion  :,£  the  Lockneed  oroqram,  the  Air  Force  requested  CRr  to  carrv 
out  a  faliow-on  program.  Tne  principal  objective  was  an  improved 
understanding  of  flowability  and  pumpabflit.y  of  jet  fuels  at  or  near  their 
freezing  point.  Additionally,  there  was  the  question  as  to  whether  or  not  the 
Lockheed  findings  could  be  confirmed  in  a  different  wing  tank  simulator.  The 
CRC  subcontracted  with  the  Boeing  Aerospace  Company  to  conduct  wing  tank 
simulator  tests  for  this  ongoing  program.  Results  of  the  Boeing  study  are 
included  in  this  report. 
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III.  LOCKHEED  AND  BOEING  TEST  PROGRAMS 


The  following  sections  provide  brief  descriptions  of  the  simulator  tanks,  of 
tne  test  procedures,  and  of  the  test  fuels  used  by  Boeing  and  Lockheed. 
Complete  descriptions  of  the  Lockheed  program  are  given  in  Reference  2. 
Differences  in  construction,  procedure,  or  fuels  that  might  influence  results 
are  discussed  throughout  this  report. 

A.  DESCRIPTION  OF  SIMULATOR  TANKS 


Tne  internal  configuration  of  the  Boeing  test  tank  was  designed  to  simulate  a 
portion  of  an  outer  wing  fuel  tank  of  a  modern  commercial  jet  aircraft. 
Aircraft  aluminum  (6061-16),  at  thicknesses  representati ve  of  a  B-/47  outboard 
main  tank,  was  used  throughout  providing  realistic  thermal  conductivity  rates 
tnrough  tne  structure.  Standard  aircraft  anticorrosion  coating  was  applied  to 
the  interior  bottom  surface  to  the  height  of  the  lower  stringers.  The 
internal  dimensions  of  the  tank  were  51  cm  high,  51  cm  wide,  and  76  cm  long, 
resulting  in  a  volume  of  156  liters.  Modeling  of  important  vertical 

dimensions  of  the  inboaro  section  of  the  b- 747  outboard  main  tank  was  full 

scale.  Trie  tanx  was  designed  to  permit  simulation  of  atmospheric  pressure  up 
to  4(J,0UL  rt.  An  interior  view  of  the  Boeing  test  tank  is  shown  in  Figure  1. 

Trie  Lockheec  test  tank  was  also  designed  to  simulate  a  portion  of  an  outer 
wing  ruel  tarn,  of  a  modern  commercial  jet  aircraft.  Interior  dimensions  of 
the  tank  are  50. 2  cm  (20  in.)  high,  50.6  cm  (20  in.)  wide,  and  76.2  cm  (20 
in.;  long  for  a  resulting  volume  of  156  liters.  An  interior  view  of  the 

Lockheed  test  tank  is  shown  in  Figure  2.  The  tank  was  tilted  4*-  to  the 
horizontal  with  the  boost  pump  outlet  and  the  drain  holes  on  the  low  siae. 

while  t tie  interior  dimensions  of  the  Boeing  and  Lockheed  test  tanks  were 

similar,  the  construction  ano  arrangement  differed  in  certain  respects.  These 
differences  could  affect  heat  transfer  rates.  For  example,  the  Boeing  tank 
contained  two  stringers,  fabricated  from  two  ancle  sections  7.6  cm  high  while 
tne  Loa<neeo  tank  contained  three  one-piece  stringers,  eacn  5.7  cm  hign.  The 
Boeing  tank  contained  a  fuel  boost  pump,  suction  plumbing,  vapor  separation 
plumbing,  ana  tne  pump  discnarge  plumbing.  The  Lockheed  tank  contained  two 
small  ejectors,  the  related  small  size  plumbing,  and  a  perforated 
recirculation  manifold.  The  Lockheed  tank  discharged  through  an  opening  in 
tne  bottom,  which  lee  to  an  external  fuel  boost  pump. 


Each  test  tank  had  viewing  ports,  cooling  panels  on  the  upper  and  lower 
surfaces,  ano  insulation  on  tne  other  surfaces  to  assure  that  heat  transfer 
was  confined  to  the  upper  ana  lower  surfaces.  There  were  provisions  for 
simulating  sloshing  and  vibration.  Thermocouples  were  used  to  sense 

temperature  inside  tne  tank.  These  were  mounted  on  vertical  racks 
to  proviae  a  temperature  profile  of  the  fuel 
provided  on  the  upper  ano  lower  outer  skins. 


Thermocouples 


and  spaced 
were  also 
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B.  TEST  PROCEDURES 

Lockheed  and  Boeing  used  similar  basic  test  procedures.  The  simulator  tank 
was  filled  with  test  fuel,  usually  such  that  fuel  wetted  the  upper  surface. 
Upper  and  lower  skins  were  chilled  to  a  pre-selected  temperature,  while  fuel 
temperature  profiles  were  monitored  and  recorded.  For  most  test  modes,  skin 
temperature  was  held  essentially  constant  for  the  time  needed  to  reach  a 
target  temperature  in  the  fuel  2.5  cm  above  the  tank  bottom,  at  which  time 
withdrawal  was  begun.  In  some  tests,  skin  temperatures  and  withdrawal  were 
programmed  according  to  a  time  schedule.  Lockheed  withdrew  fuel  by  operating 
ejectors  and  an  external  boost  pump.  Boeing  withdrew  fuel  in  three  successive 
stages:  1)  level  gravity  drain,  2)  tilted  gravity  drain,  and  3)  internal  boost 
pump.  Holdup  was  measured  by  weighing  removed  fuel  and  calculating  percent  of 
fuel  trapped  in  the  simulator.  After  each  test,  trapped  fuel  was  melted  and 
drained  out,  and  fuel  fractions  were  recombined  for  the  next  run. 

Lockheed  conducted  various  types  of  low  temperature  tests  in  its  simulator 
tank.  All  tests  were  conducted  by  filling  the  test  tank  with  fuel  at  ambient 
temperature,  about  20°C,  and  then  chilling  it  through  the  upper  and  lower 
skins  according  to  a  flight  mission  temperature  profile.  Test  periods  ranged 
from  5  to  300  minutes  under  simulated  cruise  conditions  and  with  the  lowest 
expected  skin  temperatures. 

The  tests  applicable  to  this  program  are  summarized  in  Table  I,  and  the  test 
modes  are  as  follows: 

1.  Static  -  Fuel  quiescent  until  end  of  test. 

2.  Reci rcul ati on  -  Gravity  flow  to  boost  pump  and  pumped  back  to 
opposite  end  of  tank  at  6  liters  per  minute. 

3.  Sloshing  -  Tank  oscillated  throughout  test. 

4.  Divider  -  Static  test  with  a  divider  plate  installed  to  represent  a 
baffle  within  the  tank. 

5.  Ejector  -  Special  recirculation  (two  tests). 

6.  Dry  Fuel  -  Nitrogen  dried  to  remove  dissolved  water. 

7.  Scheduled  Withdrawal  -  Several  tests  where  skin  temperature  and  fuel 
withdrawal  were  varied. 

Boeing  conducted  tests  under  static,  slosh,  and  vibration  conditions  as 
summarized  in  Table  II. 


To  speed  up  collection  of  test  data,  Boeing  prechilled  the  bulk  fuel  to  a 
temperature  about  10°C  above  the  fuel  freezing  point  before  filling  the  test 
tank  and  then  started  the  simulated  low  temperature  cruise  cycle  by  further 
chilling  the  fuel  through  the  upper  and  lower  skins.  Test  duration  was  then 
determined  by  the  temperature  of  the  probe  located  2.54  cm  above  the  bottom 
st  ,ri.  Durations  ~anged  from  5  to  274  minutes. 
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T- 5T  FUELS 

Lockheed  tested  the  first  12  fuels  shown  in  Table  III.  Fuels  originally  in 
the  Lockheed  program  are  identified  by  codes  starting  with  L-  or  LFP-.  The 
fuels  were  selected  from  widely  different  petroleum  crude  sources  and  with  a 
range  of  freezing  points.  One  fuel  (L-7)  had  a  flow  improver  additive.  These 
additives  change  the  structure  of  solidifying  fuel  from  one  with  extensive 
cross-linking  of  modules,  which  inhibits  flow,  to  one  with  more  discrete 
agglomerations  of  molecules  which  can  move  relative  to  one  another. 

Boeing  tested  five  fuels,  LFP-1,  LFP-8,  B-3,  B-4  and  B-5.  Boeing  fuels  B-3 
and  B-5  were  JP-8  fuels  from  shale  and  petroleum,  respect ively.  The  freezing 
point  for  B-5  was  slightly  off  specification.  Fuel  B-4,  a  blend  of  JP-5  and 
marine  diesel  fuel,  represents  a  possible  means  for  extending  the  supply  of 
U.S.  Navy  jet  fuel. 

A  variety  of  laboratory  tests  of  fuel  low  temperature  properties  was  conducted 
on  most  of  the  fuels.  The  test  methods  used  are  described  in  Appendix  C  and 
are  referred  to  as  appropriate  throughout  this  report. 
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IV.  DISCUSSION 


This  discussion  is  divided  into  three  sections,  whose  objectives  are: 

•  To  review  the  findings  of  the  Boeing  and  Lockheed  simulation 
investigations. 

•  To  point  out  what  needs  to  be  done  in  subsequent  programs. 

•  To  examine  the  least  restrictive  low  temperature  fuel  property  that 
assures  satisfactory  aircraft  operation. 

A.  REVIEW  OF  FINDINGS  OF  SIMULATOR  PROGRAMS 

Holdup,  as  measured  in  a  simulator,  represents  the  separated  wax  plus 
entrapped  liquid  at  the  end  of  a  particular  time-temperature  test.  Since  the 
wax  forms  first  on  cold  surfaces  such  as  tank  skins  or  stringers,  it  is  apt  to 
remain  there  until  it  melts.  If  the  wax  that  separates  also  plugs  filters  or 
lines,  it  could  interrupt  fuel  flow  to  an  engine. 

During  the  test  cycle,  there  is  usually  a  large  temperature  difference  between 
the  chilled  tank  surface  and  the  bulk  fuel  as  shown  by  typical  data  in 
Figure  3.  This  characteristic  thermal  gradient  in  the  simulators  reflects  the 
low  thermal  conductivity  of  fuel  and  the  dominating  role  of  conduction  in  heat 
transfer  to  the  tank  upper  and  lower  skins.  The  result  is  a  highly 
nonequi 1 i b-ium  and  dynamic  system  that  may  (or  mav  not)  undergo  phase  change 
in  the  zone  next  to  the  skins,  depending  on  the  properties  of  the  fuels. 

In  a  typical  aircraft  flight,  the  sharp  thermal  gradient  within  the  tank  would 
undergo  rapid  change  as  an  aircraft  descended  to  warmer  flight  altitudes. 
Some  or  all  of  the  holdup  fuel  would  be  expected  to  become  a  usable  liquid  on 
descent.  It  is  impossible  to  prescribe  an  "acceptable"  level  of  holdup  prior 
to  descent  because  the  tolerance  of  a  system  depends  on  a  particular  tank 
design  and  system  configuration.  Instead,  the  findings  of  these  simulator 
tests  provide  a  data  source  for  designers  in  the  form  of  a  fuel  criterion  such 
as  freezing  point  and  pour  point  in  a  relationship  to  holdup  at  the  end  of 
high  altitude  cruise. 

Aircraft  design  parameters  other  than  those  represented  in  the  tests  by 
Lockheed  and  Boeing  need  consideration  and  are  discussed  in  Appendix  A. 

1  .  Effects  of  Slosh  and  Vibration 

The  three  temperature  profiles  plotted  in  Figure  3  are  those  exhibited  at  the 
initiation  of  fuel  withdrawal  for  three  Boeing  tests  with  paraffinic  LFP-1 
fuel  under  static,  slosh,  and  vibration  conditions.  All  these  tests  had  the 
same  target  or  control  temperature  at  2.5  cm  above  the  tank  bottom.  The 
profiles  show  a  broad,  uniform  temperature  mixing  region  at  the  center  and  a 
steep  conductive  heat  transfer  controlled  zone  between  this  region  and  the 
chilled  bottom  skin.  A  very  narrow  convective  heat  transfer  controlled  region 


k 


exists  at  the  top  surface,  but  it  is  imprecisely  aefmec  because  of  trie  wice 
thermocouple  spacing.  These  temperature  profiles  are  topical  of  tnose 
neasurec  tor  all  tne  boeing  tests,  anc  they  are  similar  to  cncse  reporter  for 
previous  boeing  in-house  tests  ana  for  at  least  the  low  holdup  tests  in  tne 
Locxheea  stucies.  Tne  effect  of  the  tank  agitation  is  to  increase  nixing  anc 
neat  transrer,  reducing  the  uniform  center  temperature.  The  agitation 
increases  in  intensity  from  sloshing  to  vibration;  the  combined  sloshing  and 
vibration  mode  (not  shown  in  Figure  2)  yields  temperature  profiles  nearly 
equivalent  to  those  produced  by  vibration  alone.  These  results  depicted  in 
the  figure  are  typical  of  those  obtained  with  paraffinic  and  naphthenic 
oet  A.  The  effect  of  agitation  is  less  pronounced  with  the  other  three  fuels 
tested  by  boeing. 

lr  tne  boeing  tests,  target  temperatures  for  initiation  of  fuel  withdrawal, 
measured  2.5  cm  above  the  bottom  skins,  were  varied  from  2.5t'C  above  the 
■freezing  point  to  b.fc^L  oelow  the  freezing  point.  Figure  2  represents  tests 
at  a  target  temperature  equal  to  the  freezing  point  (-4]tC)  for  Jet  A 
paraffinic  fuel  (LFP-i).  Only  the  bottom  2.5  cm  fuel  layer  anc  a  very  thin 
layer  at  the  top  surface  (comprising  about  5°  of  the  total  tank  volume)  were 
below  the  freezing  point.  Since  the  boundary  layer  temperatures  within  these 
zones  oo  not  vary  appreciably  at  a  given  target  temperature,  there  is  no  large 
difference  between  holdup  measurements  for  quiescent,  sloshing,  vibrating,  or 
a  combined  slosning/vibratmg  environment.  Measured  holdups  ranged  from  2.85 
to  2.2S  of  total  tanx  volume.  Similar  results  were  observed  in  tne  Locxneec 
tests  witn  slosn  ana  vibration. 

2 •  Correlation  of  Data 

Most  of  tne  noicup  tests  corouctec  by  boeinc  anc  Locxneec  were  naoe  witn  tne 
simulator  tank  full,  i.e.,  with  fuel  in  contact  with  tne  upper  sxin  surface. 
110  tests  of  this  type  were  maoe,  55  by  Lockheeo  anc  45  by  boeing.  Table  IV 
summarizes  pertinent  data  for  these  110  tests. 

In  the  Lockheed  tests,  fuel  was  pumpec  out  anc  weignec  with  the  tank  ir  the 
original  position,  4*-  to  tne  horizontal.  The  quantity  wnicn  did  not  flow  by 
"ravity  arc  ejectcr  pump  to  tne  boost  pumi  constituted  the  holaup. 

lr.  the  boeing  tests,  three  measurements  were  made  for  holdup:  first  with  a 
level  tanx  aria  gravity  drain,  second  by  tilting  the  tanx  K  cegrees  to  tne 
horizontal,  and  last  with  boost  pump  Of,,  holdup  data  reported  in  Table  IV  for 
boeinc  tests  are  for  boost  pump  Of.  wmcri  is  similar  to  the  Locxneec  proceaure. 

In  tne  Locxneec  tests,  the  initial  fuel  temperature  in  the  simulator  was  near 
ambient  ; 20-2C"u , ,  while  boeing  pre-cm  l  lea  tne  bulk  fuel  to  about  IOC  above 
its  freezing  point  before  filling  the  simulator.  Respite  these  differences  in 
test  proceaure,  it  is  possible  to  compare  trie  holdup  data  between  the  Lockheeo 
and  boeing  simulators  because  the  selection  of  an  appropriate  bulk  temperature 
thermocouple  compensates  for  the  greater  time  required  in  the  Lockheed  test 
procedure  to  reach  the  same  Dulk  temperature.  Figure  2  illustrates  tne  fact 
triat  the  oulx  fuel  temperature  at  the  start  of  fuel  withdrawal  after  a  perioo 


o t  cmlling  tnrougn  the  sr.in  is  reasonably  uniform  between  IC  and  zp  cm  above 
the  skin  and  that  a  thermocoupl  e  reading  selected  in  this  zone  is 
repr-esentati  ve  of  a  midtank  temperature. 

A  tank  fuel  temperature  profile  is  shown  schemat i ca 1 ly  in  Figure  c  for  a  giver 
tank  skin  temperature  (IS)  and  a  midtank  temperature  (TM).  These  two 
temperatures  (TS  anc  TM)  can  be  usea  to  identify  a  temperature  profile.  There 
is  a  temperature  tor  any  fuel  below  which  it  does  not  exhibit  significant 
fiowability  for  recovering  fuel  from  the  simulated  aircraft  wing  fuel  tanks. 
This  temperature  is  defined  here  as  that  fuel's  solidification  inoex  (SI).  If 
a  fuel 's  SI  is  less  than  or  equal  to  TS,  then  the  holdup  should  be  zero  since 
none  of  the  fuel  is  at  a  temperature  below  its  SI.  If,  on  the  other  hand,  the 
fuel's  SI  equals  or  exceeds  TM,  the  holdup  would  be  1 00 % .  Other  fuels  with 
Si's  Detween  TS  and  TM  would  produce  intermediate  holdups,  depending  on  their 
relative  relationship  to  TS  ano  TM.  Thus  the  percent  holdup  (HU)  should  be 
related  to  tne  tol lowing  function: 

HU  ■  f 

The  freeze  point  (FP)  of  a  fuel  defined  by  ASTK  D  2386  ano  the  pour  point  (PP) 
defined  by  AST  Mi  D  97  can  be  considered  as  the  onset  of  wax  separation  anc  a 
special  case  of  solidification,  respectively  (see  Appendix  C  for  description 
ot  test  methods).  Th*se  two  laboratory  tests  can  be  used  to  oefine  the  SI  of 
a  fuel  as  it  is  related  to  holdup  in  an  aircraft  tank  at  low  temperature, 
e.g. ,  SI  =  a  FP  +  d  PP,  all  in  °C. 

A  linear  regression  of  the  Boeing  ano  Locxheeo  data  provided  the  following 
relationship  between  holdup  and  the  ratio  of  (S  I  -TS)/ (7M-TS ): 


H.u  =  e 


(tetI)  *  °-72 


-1 


(1) 

where  Si  =  C.52SH  PP  *  G.28Z  FP 


The  statistical  correlation  value,  k-,  was  0.66  anc  tne  standard  error  of  *,  r 
(HU  +1;  was  0.25.  This  means  that  96°  cf  tne  variability  in  in  (HU  +  1)  is 
explained  by  the  noael  anc  that  tne  estimated  standard  error  of  hU  is  265,.. 

Table  IV  gives  predicted  values  and  the  difference  between  observed  and 
estimated  values  for  eacn  test.  Trie  large  errors  occur  when  the  ratio 
;S 1-T 2)/  H M-T S)  approaches  a  value  of  one. 

Figure  5  compares  observed  and  estimated  holdup  for  all  fuels  with  observed 
hofaups  below  301.  Figure  6  shows  the  difference  between  estimated  ano 
observed  holdup  for  each  of  the  test  fuels.  There  are  no  test  fuels  which 
appear  meaningfully  biased.  It  appears,  therefore,  that  the  SI  developed  from 
tne  regression  is  a  good  predictor  of  low  temperature  fuel  holdup. 

(ij  There  was  a  broad  variation  ir  the  pour  point  data  determined  tor  the  fuels 
jseo  ir  tne  Lockheed  anc  Hoeing  programs.  Tne  average  of  severe:  PP  deter- 
notions  was  used  in  the  data  correlation.  This  is  greater  PP  precision 
than  would  normally  be  obtained. 
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The  regression  showed  SI  to  be  approximately  equal  to  the  average  of  the 
freeze  and  pour  points.  Using  the  definition  for  SI,  the  ratio 
(SI-TS ) /(TM-TS )  can  be  calculated.  Figure  7  shows  the  excellent  relationship 
between  holdup  and  this  parameter.  When  the  ratio  is  =  >1.0,  i.e.,  SI=>TM, 
holdup  is  high,  =>37%,  and  indeterminate. 

Most  of  the  holdup  tests  were  conducted  with  the  simulator  tanks  full  and  the 
fuel  in  contact  with  the  upper  tank  surface.  The  holdup  correlations  were 
developed  for  this  case.  However,  Lockheed  noted  that  for  holdups  to  about 
6%,  most  of  the  solids  were  restricted  to  the  lower  skin  and  stringer  surfaces 
of  the  tank.  Therefore,  the  relationship  might  be  applicable  for  partially 
filled  tanks  for  low  holdup  conditions. 

The  prediction  parameter  (SI-TS)/(TM-TS)  is  highly  sensitive  to  measurement 
errors  because  it  is  a  ratio  of  two  deltas.  For  example,  assume  a  ratio  of 
12/18  =  0.667  which  predicts  an  8.06%  holdup.  If  there  were  a  1°C  measurement 
error  in  both  numerator  and  denominator  deltas,  the  ratio  could  be  11/19  = 
0.579  which  predicts  a  5.53%  holdup. 

A  numbe1"  of  different  models  were  explored  using  the  fuel  temperature  1.3  cm 
from  the  bottom  of  the  tank.  None  of  those  tried  provided  a  satisfactory 
estimate  of  holdup,  even  when  the  analysis  was  restricted  to  low  holdups  below 
12%. 

No  attempt  was  made  to  determine  if  testing  mode,  e.g.,  sloshing  or  vibration, 
had  a  significant  effect  on  holdup  that  was  not  reflected  by  the  chanae  in  the 
fuel  TM. 

As  descrioed  above,  the  calculated  sol idi f i cati on  index,  which  is 
approximately  nalfwav  between  fuel  freezing  point  and  Dour  point,  gave  a 
reasonable  fit  of  the  experimental  holdup  data.  This  is  an  initial 
correlation  study,  and  should  not  be  interpreted  as  concluding  that  the 
ultimate  choice  in  low  temperature  flow  properties  is  the  solidification 
index,  to  the  exclusion  of  all  other  properties.  It  was  chosen  for  study  in 
part  because  of  intuitive  fit  and  in  part  because  freeze  and  pour  data  were 
abundantly  available  for  all  Lockheed  and  Boeing  simulator  fuels.  It  has  the 
disadvantage  of  requiring  two  fuel  tests,  one  of  which,  the  pour  point,  is  so 
imprecise  as  to  be  reportable  only  to  the  nearest  3°C.  It  was  necessary  to 
perform  multiple  replicate  analyses  on  each  test  fuel  to  obtain  precise  freeze 
and  pour  point  values  for  this  study. 

A  variety  of  alternative  low  temperature  bench  tests  was  explored  to 
characterize  the  Lockheed  test  fuels.  Table  V  presents  results  of  these  test 
methods.  Tne  test  methods  are  described  in  Appendix  C.  Many  of  these 
alternate  tests  indicate  a  low  temperature  operability  limit  in  the 
temperature  range  where  the  fuel  is  a  mixture  of  liquid  fuel  and  wax  crystals, 
a  concept  in  general  agreement  with  tank  simulator  observations.  Although  the 
primary  purpose  for  development  of  these  tests  was  the  characterization  of 
fuels  containing  flow  improvers,  the  Lockheed  fuels  offered  an  opportunity  ♦’O 
see  whether  any  of  the  tests  might  offer  a  satisfactory  relationship  with 
performance  in  a  winq  tank  simulator.  Figure  8  shows  a  graphical  comparison 
of  thes»  bench  tests  with  the  freeze-pour  solidification  index. 
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br.rcrtunateiy  ,  results  were  available  on  only  seven  of  the  fifteen  test  fuels, 
only  one  of  which  was  incluaec  in  the  Boeing  program,  hence,  their  suitability 
ror  characterizing  a  fuel's  low  temperature  behavior  anc  noioup  neeos  to  be 
rurtner  evaluated. 

There  nave  Deen  other  attempts  tc  correlate  results  of  one  or  both  of  trie 
simulator  test  data.  Tnese  are  described  in  Reference  4  and  in  Appenci  x  B. 

Flow  improving  aacitives  have  been  considered  as  a  means  to  decrease  fuel 
holdup.  These  additives  appear  to  be  selective  in  their  ability  to  effect  low 
temperature  flow  improvement  in  various  fuels.  Flow  improvers  do  not  reduce 
the  amount  of  wax  formed,  but  change  its  character  resulting  in  better 
flowability  at  low  temperatures.  Consequently,  two  tests,  Lockheed  Nos.  99 
anc  ICC,  were  made  using  flow  improved  fuel,  L-7.  The  addition  of  flow- 
improver  depressed  pour  point  by  12CC,  compared  with  the  base  fuel,  LFP-5. 
holdup  was  reduced  about  50°  in  test  No.  59  relative  tc  test  No.  97.  This 
flow  improver  was  optimized  for  diesel  fuels  ano  was  not  optimized  for  the  L-7 
Tuel.  Tnere  was  very  limited  testing  of  additives  in  tnese  programs. 

3.  Procedural  Effects  on  Test  Results 


■■  .  a.  c.->  -  Early  in 

the  Boeing  program,  concern  was  expressed  about  the  reliability  of  date 
generatec  by  repeatec  ireezing  of  a  given  batch  or  fuel.  In  determinations  of 
the  pour  point  (ASTH  057)  of  heavier  fuels,  such  as  diesel,  it  has  been  found 
that  it  was  necessary  tc  raise  the  temperature  of  the  specimen  to  tne  greater 
or  aO'C  or  t^C  above  the  pour  point  to  completely  reconstitute  the  fue  1 
specimen.  1ms  need  appears  to  arise  because  of  the  persistence  of  mcrc- 
crystais  rornec  at  low  temperatures  which  may  not  be  visible  when  tne  specimen 
tenperature  is  raised  only  a  Tew  degrees  above  the  pour  point;  these  crystals 
can  serve  as  condensation  nuclei  when  tne  chilling  cycle  is  repeated.  Tins 
"hysteresis"  etfect  has  been  shown  to  lead  tc  variability  in  pour  point  (anc 
possiDly  in  otner  low  temperature  property)  measurements  if  tne  temperature  of 
the  fuel  is  not  raised  well  above  the  pour  point  between  tests. 

Fuels  in  tne  Boeing  ana  Locuieeo  programs  were  repeatedly  frozen  ano  meltec  in 
eecn  test  series,  which  raised  a  question  as  to  the  validity  of  results. 
Further,  tnere  was  essentially  no  repetition  of  the  data  points  wmch  mignt 
shec  light  on  tne  issue.  For  cost  reasons,  it  was  proposed  that  resolution  of 
tne  hysteresis  concerns  be  carried  out  using  a  laboratory  scale  device;  and 
the  Snell  bold  Flow  test  methoc  was  selected  as  suitable  for  the  purpose. 
This  test  (IF  217/66  tentative)  was  proposec  to  aetermine  the  extent  to  wmch 
turbine  Tueis  will  gravity  flow  (slump)  to  an  aircraft  fuel  tanx  pump  inlet  at 
low  temperatures,  feasurements  are  made  primarily  between  the  freezing  point 
ano  ;  our  point  temperatures  of  the  fuel  ana  aepenc  upon  tne  yield  value  of  the 
fuel/wax  mixtures  at  any  particular  temperature.  The  apparatus  (Figure  9) 
consists  of  two  cylindrical  chambers  separated  by  a  large  poppet  valve.  Fuel 
is  added  to  the  upper  chamber,  the  test  apparatus  and  fuel  are  brought  to  the 
desireo  temperature  anc  are  then  held  for  one  hour  to  ensure  isothermal  fuel 
tenperature.  The  valve  separating  the  chambers  is  then  opened  for  10  seconds, 
allowing  the  fluic  portion  of  the  fuel  to  flow  (slump) 
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into  the  lower  chamber.  The  spring-loaded  valve  is  then  closed  and  the 
equipment  warmed  to  ambient  temperature.  Unlike  the  actual  aircraft 
application,  the  test  fuel  is  not  agitated;  and  all  of  the  fuel  and  container 
reach  an  equilibrium  temperature. 

The  Shell  Cold  Flow  test  procedure  used  by  Boeing  was  to  establish  a  holdup 
versus  temperature  curve  using  fresh  specimens  of  fuel  for  each  data  point. 
After  each  test,  the  fuel  was  reconstituted  by  blending  the  portions  of  fuel 
in  the  upper  and  lower  chambers  of  the  test  apparatus  and  then  retested. 
Tests  were  conducted  at  or  near  a  temperature  which  was  experimentally 

determined  to  have  a  holdup  near  30%. 

The  Shell  Cold  Flow  tests  were  conducted  with  the  five  fuels  employed  in  the 
Boeing  program.  Figures  10  through  14  show  examples  of  the  results  obtained 
by  this  method.  These  data  show  no  major  differences  in  holdup  between  fresh 
fuel  specimens  and  the  reconstituted  fuels.  However,  because  of  the  high 
sensitivity  of  holdup  with  small  changes  in  temperature,  these  results  were 
inconclusive  in  establishing  the  existence  of  minor,  but  possibly  significant, 
hysteresis  effects. 

Similar  additional  tests  using  the  Shell  Cold  Flow  procedure  were  conducted  by 
the  Fuels  Branch  of  the  USAF  Wright  Aeronautical  Laboratories  at 

Wright-Patterson  Air  Force  Base.  Two  fuels  were  tested,  LFP-1  and  LFP-8, 
which  are  characteristic  of  paraffinic  and  naphthenic  fue^s,  respectively. 
Their  holdup  data  is  summarized  in  Table  VI,  using  recycled  fuel  rather  than 
fresh  fuel  samples.  The  USAF  data  fall  within  1°C  of  the  Boeing  data  and  show 
the  same  wide  variation  in  holdup  at  a  given  temperature  as  the  Boeinq  tests. 

The  variability  among  tests  on  fresh  fuel  specimens  (repeatability)  indicates 
that  there  are  no  statistically  significant  differences  between  fresh  fuel 

test  results.  Accordingly,  it  was  concluded  that  if  there  were  a  hysteresis 
effect,  it  'as  small  and  that  the  repeated  freezing  of  reconstituted  fuel 

specimens  in  the  simulators  would  not  contribute  significantly  to  experimental 
error. 

I:  :...-?-  L: Skit.  I".—:  T  -  At  the  start  of  the  Boeing  tests, 

the  tank  upper  and  lows--  surfaces  (skin)  were  chilled  to  a  predetermined 
temperature  (usually  1 0  below  the  freezing  point)  and  held  at  that 
temperature  as  uniformly  as  possible  throughout  the  remainder  of  the  test. 
Significant  skin  temperature  excursions  above  and  below  the  target  temperature 
affects  the  thermal  profile  in  the  tank,  the  rate  of  formation  and  matrix 
character  of  wax  crystals,  and,  thus,  the  holdup  results.  The  Boeing 
simulator  utilized  primary  and  secondary  coolant  heat  exchangers  t.o  improve 
control;  however,  the  manual  control  of  the  coolant  flow  presented  problems  in 
trying  to  hold  within  _+l°C  of  the  skin  temperature. 

Chi l I:.wr  P.cu  -  Wax  crystal  growth  and  matrix  formation  during  the  freezing 
of  jet  fuels  is  believed  to  be  dependent  on  cooling  rate.  Therefore,  care  was 
taken  to  provide  consistent  chilldown  cvcles  for  each  test  run;  however,  using 
manual  control  of  the  coolant  flowing  across  the  upper  and  lower  surface  of 
the  tank  allowed  variation  of  chilldown  rates. 


r 
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->-< 1 .  ~.“r.re  -oldur  Measurer, -:k -  -  The  thermal  simulator  tanks,  as 

in  a  typical  airplane  tank,  had  fuel  transfer  holes  (some  with  flapper  check 
valves)  that  could  restrict  gravity  fuel  flow  if  blocked  by  water-ice  or  other 
contaminants.  The  gravity  drain  system  leading  outside  the  test  tanks  was  of 
a  nominal  1.91  cm  (0.75  in.)  diameter,  not  typical  of  the  size  and  length  of 
airplane  fuel  tank  installations.  This  condition  of  withdrawal  was  not  real 
life,  but  was  necessary  for  determination  of  gravity  holdup.  The  blocking  of 
the  transfer  holes  and  the  drain  system  by  non-fuel  components  could  produce 
unreliable  test  results. 

In  the  high  holdup  regime,  the  drain  and  transfer  passages  became  blocked  by 
dams  of  solidified  fuel  benind  which  liquid  was  trapped.  Repeatability  would 
have  suffered  due  to  the  random  blockage  patterns  formed  by  wax  falling  from 
the  top  and  sides  during  withdrawal. 

A  possibly  significant  source  of  holdup  measurement  error  in  the  tests  is  the 
time  involved  to  stop  the  test  when  the  target  temperature  is  achieved  and  to 
accomplish:  (I)  level  tank  gravity  drain,  (2)  tilted  tank  gravity  drain,  and 
(3)  boost  pump  drain.  These  functions  were  operator  rontro1 led,  with  some 
nonuniformity  in  time  depending  on  the  amount  of  liquid  d  ained,  weighing 
system  time  constants,  and  other  uncont rol 1  able  factors.  Du-inq  these 
activities,  the  coolant  system  continued  to  operate  and  would  have  frozen 
additional  material  in  amounts  which  depended  on  time  delavs. 

The  s1' ani  r-j  cance  of  these  various  possible  er-ors  is  unknow. 


B.  SUGGESTIONS  "OR  SUBSEQUENT  PROGRAMS 

Tecnnolcgy  neeas  which  snoulo  be  developed  as  part  ot  continuing  efforts  m 
the  event  that  turpi r e -powerec  aircratt  tine  it  advantageous  to  use  m  one" 
freezing  pom*  fuels  a  "e  oiscussec  v  the  following  paragraphs. 

1  .  Flight  Temperature  Analyses 

Itie  military  has  screened  historical  weatner  cata  for  use  ir  defining  its 
operating  temperature  er vi ronments .  Inese  oata  are  largely  taken  from  the 
twice  daily  soundings  of  the  atmosphere  by  weather  stations.  These  data  were 
treated  stati sti ca 1 ly  anc  were  reduced  to  tables  showing,  by  frequency  of 
occurrence,  tne  terx-eratures  occurring  at  various  altitudes.  Tne  most 
frequently  occurring  cemeratures  ir  various  nances  were  used  tc  oefine 
"stanaarc  days"  tor  specific  applications.  This  work  is  publisher  as 
mIL-bTIi-El(b.  Ine  probability  of  occurrence  of  a  given  temperature  level 
cecreases  witn  the  aegree  of  deviation  from  the  norm.  7enperature  deviations 
representing  a  frequency  of  occurrence  of  so  many  days  Per  year  or  of  constant 
percentages  ot  the  time  are  shown  in  I-  I L -b T L- 2 1 06 . 

benerally  speaxinc,  the  cost  of  assuring  equipment  operation  at  a  given 
temperature  increases  vntr  that  temperature ‘s  deviation  from  the  nm.  ‘-s  a 
practice:  matter.  a  telega:  le  Deviation  tror  trie  r.orr  if  less  severity  tna- 
- :irsii..te  ..  •t-ces  'c  t-  lectec  *o-  cesi  cr  v  r  predicted  crerat'ors  a 5 
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. o' ‘ Si '  '  .  (.•'  c-CSy-;  vs-  ."?<•  JO,"  $  tr-CSp opr  1  C 

at  cruise  altitudes  witr.  repartee  minimum  temperatures  from  commercial 
aviatior  experience  incicates  that  the  f . I L-b T L  temperature  extremes  oo  not 
ditter  greatly  from  reported  commercial  temperatures.  This  comparison 
indicates  that  the  minimum  temperatures  at  cruise  altitudes  show  enough 
similarity  to  reinforce  tne  use  of  MIL-STD-210B  at  cruise  altitudes,  however, 
availaole  data  do  not  corroborate  the  ML-STD  values  at  other  altitudes. 
Available  data  ao  not  corroborate  tne  hlL-STD  frequency  of  occurrence  data. 

A  further  shortcoming  of  ML-STD-21C6  and  other  atmospheric  cold  or  arctic 
"day"  standards  is  that  no  information  is  given  on  likely  duration  of 
ten^eratures  either  in  persistence  (time)  or  geographical  extent.  Analysis  of 
aircraft  tank  fuel  temperature  variation  curing  a  flight  requires  a  profile  of 
temperatures  along  the  route  of  flight  on  the  day  in  question  to  be  of 
practical  use. 

Areas  of  very  low  temperature  are  thought  to  occur  in  localized  areas  of  a  few 
nunared  miles  breadth.  The  specific  dimensions  of  these  areas  are  currently 
undefined.  Various  aircraft  will  encounter  these  low  temperature  areas  in 
different  ways.  A  tanker  airplane  used  for  inflight  refueling  may  nave  tc 
loiter  in  a  specific  area  for  a  while,  tor  example,  to  refuel  fighter  aircraft 
returning  from  a  mission.  Commercial  flignts  or  military  transport  flights 
will  pass  through  these  areas  of  unusually  low  air  temperatures  on  only  a  part 
of  their  mission  with  the  balance  of  the  mission  in  more  normal  air 
temoerature. 

A  w?  ’  documented  and  b’-oac'y  accepted  single  fight  atmospher-'c  model  into 

which  any  aircraft  can  be  placed  for  analysis  is  needed.  The  model  could 
simply  be  a  three-dimensional  array  of  static  air  temperatures  covering  the 
areas  of  the  earth's  atmosphere  where  flights  are  considered. 

There  have  been  cursory  attempts  to  define  three-dimensional  models.  One 
model  nas  been  used  in  the  work  monitored  by  CRC.  However,  none  of  these 
models  have  been  developed  to  the  point  of  being  established  as  a  standard  for 
design.  Such  a  design  standard  is  needed.  A  standard  model  would  allow 
analyses  of  fuel  temperatures  on  particular  aircraft  to  be  made  that  would 
consider  time  variations.  It  would  also  establish  a  standard  for  design  and 
test  of  systems. 

2 .  Computational  Techniques  heeded 

Once  a  model  atmosphere  is  stipulated,  a  method  is  required  to  compute  the 

time  varying  thermal  profile  in  the  fuel  tanks.  This  method  should  be 
sensitive  to  fuel  level,  since  it  is  known  that  the  fuel  rate  of  cooling  is 
greater  when  both  upper  and  lower  tank  skins  are  wetted,  the  situation  which 
exists  in  some  fuel  compartments  early  in  the  flight.  At  later  times  as  the 

fuel  level  drops,  contact  between  the  fuel  and  the  upper  skin  is  lost;  and  the 

cooling  rate  decreases.  On  examination  of  the  profile,  it  may  then  he 

possible  to  estimate  the  holdup  fraction  as  a  function  of  a  postulated  fuel 
f,-eezing  point,  or  sol  ’diMcaf'on  ’ndex,  or  or  the  basis  o^  data  from  othe^ 

do  1  '  r 


a  : 


Tne  release  of  frozen  fuel  from  aircraft  structures  in  the  presence  of  wing 
bending  or  on  descent  to  warmer  environments  may  present  a  problem  to  engine 
fuel  feed  systems.  The  movement  of  pieces  of  frozen  fuel  may  plug  ejector 
pumps  or  clog  screens  at  the  entrance  to  fuel  boost  pumps.  If  these  devices 
pass  small  pieces  of  frozen  fuel,  downstream  fine  mesh  filters  could  be 
clogged.  Such  filters  are  often  protected  by  heating  devices  to  melt  water 
ice  particles,  but  may  be  ineffective  in  eliminating  frozen  fuel. 

An  experimental  investigation  into  these  problem  areas  would  provide  the  basis 
for  general  guidelines  which  could  be  used  to  set  acceptable  holdup  which 
would  not  affect  total  availability  of  fuel. 

The  use  of  fuel  tank  simulators  to  study  low  temperature  behavior  of  fuel  is 
expensive  and  time  consuming.  It  would  be  desirable  to  develop  a  small-scale 
laboratory  device  to  replace  these  simulators,  especially  for  studies  of  the 
effects  of  fuel  properties  on  holdup. 


C.  DEFINITION  OF  LOU  TEMPERATURE  FUEL  PROPERTIES 

Freezing  point,  as  measured  by  the  ASTM  D-2386  method,  is  presently  the 
specification  propertv  used  to  assure  low  temperature  fuel  flowability. 
Consequently,  D-2386  equipment  is  widely  available. 

An  effort  was  made  to  identify  a  less  restrictive  or  better  suited  fuel 
property  or  test  method  that  assures  satisfactory  aircraft  operation  in 
extremely  low  temperature  conditions.  Pour  point,  ASTM  D-97,  is  not  a 
controlled  parameter  in  the  specifications  for  aviation  turbine  fuels.  The 
method  is  time  consuming  and  relatively  inaccurate.  In  1952,  a  two-jar 
version  of  D-97  used  to  test  jet  fuel  "Solid  Point"  with  a  precision  of  2°C 
was  included  in  the  D- 1655  specification  on  a  tentative  basis.  It  was  dropped 
when  the  D-2386  Freezing  Point  Test  replaced  the  D-1477  test.  Additional  low 
temperature  property  tests  are  described  in  Appendix  C.  These  methods  were 
considered  as  far  as  the  available  data  on  the  test  fuels  would  permit; 
however,  none  were  found  to  accurately  predict  holdup.  More  work  should  be 
done  on  some  of  these  methods.  The  ASTM  Technical  Division  D2-J  is  examining 
alternative  low  temperature  fuel  test  methods. 
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V.  CONCLUSIONS 


•  "re  Lockheed  and  Boeing  simulators  show  similar  effects.  When 

simulating  the  low  temperature  exposure  of  an  aircraft  tank  at  cruise 
altitudes,  a  very  steep  thermal  gradient  is  observed  between  the 
skins  of  the  aircraft  and  the  first  few  centimeters  of  fuel  next  to 
the  skins.  Because  of  the  low  thermal  conductivity  of  fuel  and  the 
minimum  amount  of  convective  heat  transfer,  bulk  fuel  temperatures 
lag  far  behind  skin  temperatures. 

Wax  crystals  aopear  in  the  fuel  boundary  layer  when  boundary  layer 
temperatures  fall  below  the  fuel's  freezing  point.  Holdup  o'  wax 

(and  entrained  fuel)  was  measured  in  both  simulators  and  provided 
similar  results. 

•  Vibration,  slosh,  and  combined  vibration  and  slosh  tended  to  decrease 
the  difference  between  simulator  skin  temperature  and  bu1*  fuel 
temperature. 

•  The  procedure  used  in  the  simulator  testing  'or  reconstituting  the 

wax  phase  with  the  liquid  phase  after  each  test  did  not  appear  to 

affect  fuel  holdup  results  when  the  samples  were  reused  as  judged  by 
tests  using  a  laboratory  test  device. 

•  Holdup  in  the  simulators  correiates  well  with  the  approximate  average 
of  the  fuel  freezing  point  and  pour  point. 

•  No  single  bench  test  of  fuel  low  temperature  orooe^ties  has  yet  been 
iaenti'ied  as  better  suited  than  freezing  point  for  specifying  ’rw 
temperature  operating  limits,  freeze  point  ;s  a  conservative  measu-e 
of  these  limits. 


VI.  RECOMMENDATIONS 


Tnese  recommendations  for  areas  of  further  work  to  define  fuel  low  temperature 
behavior  in  aircraft  are  based  partly  on  results  from  the  Boeing  and  Lockheed 
test  programs  and  partly  on  the  experience  of  the  members  of  the  CRC  group  on 
Low  Temperature  Flow  Properties  of  Aviation  Turbine  Fuels.  These  items  are 
grouped  into  similar  areas  and  are  not  in  an  order  of  need  or  preference. 

•  Obtain  additional  test  data  using  alterative  laboratory  low 
temperature  test  methods  on  a  complete  set  of  test  fuels  and 
correlate  results  with  simulator  holdup  to  determine  the  best 
correlation,  particularly  at  low  levels  of  holduo. 

•  Develop  a  small-scale  laboratory  test  device  where  temperature 
gradients  ’n  the  fuel  sample  wou’d  be  similar  to  those  observed  >n 
the  wing  tank  simulators  and  then  establish  a  relationship  or  an 
effect  of  fuel  properties  on  nolauo. 

•  Develop  well  documented  and  broad’y  accepted  aircraft  flight  mocel 
atmospheres  and  define  realistic  worst  case  'light  temperature 
profiles. 

•  Develop  a  comoutati oral  procedure  to  determine  'ue'  temoerature 
profiles  ana  toe  attendant  'ue1  nold-uo  in  aircraft  tames  as  a 
function  of  time  and  fuel  properties  for  a  specifiec  model  atmosphere 
and  flight  profile. 

•  Investigate  the  effects  of  fuel  cooling  rate  on  holdup. 

•  Develop  a  neat  transfer  computer  program  to  model  fuel  temperature 
profiles  in  an  aircra't  tan*  bases  on  available  data  f~om  tne  Boeing 
and  Lockoeed  programs,  estao';sn  limitations  of  tne  mode',  and  ootain 
new  data  if  tnis  *'s  found  necessary. 

•  Obtain  detailed  in-flignt  fuel  tanx  temperature  distribution  for 
correlation  witn  simulator  data  and  with  the  test  airplane's  'uei 
temperature  sensing  system. 

•  Study  the  rg;ease  *-ozen  'uel  'rom  a ; -craft  structure  under 

conditions  of  wing  flexing  and  temperature  increase.  Concurrently, 
evaluate  the  fuel  system  effects  of  ingestion  of  solid  fuel  fragments 
into  the  engine  feed  system;  particularly  with  respect  to  the  boost 
pumps,  sc-eens,  fibers,  and  cur-ent  de-icing  heaters. 

•  Invest*  gate  experiments' '»  what  level  of  holdup  under  cruise 
conditiors  would  not  a"ect  teta’  ava*  labi1  itv  o'  'je1  *'"om  a  test 
tan<  curirg  simulation  of  a  -ap’d  desce-t  zo  wa-mer  a’V'tuaes. 


•  Develop  correlations  to  normalize  the  temperatures  of  fuel  tank 
probes  located  at  various  heights  above  the  skin  (and  having  various 
penetrations)  to  a  common  basis. 

•  Determine  exoerimenta1  ly  if  flow  improvers  can  reduce  holdup  a:  low 
holdup  (oelow  55)  conditions  and  study  the  effects  of  flow-improved 
wax  slurries  on  fuel  system  component  performance. 

•  Investigate  experimentally  the  effectiveness  of  methods  for  adding 
heat  to  fuel  to  avoid  unacceptaole  levels  of  holdup  under  cruise. 
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(1)  Target  temperature,  °C ,  for  control  thermocouple  2.54  cm  from  bottom  of  tank 
equals  fuel  freeze  point  »  A°C. 
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Average  of  all  available  pour  point  data  >r.  these  fuels. 
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SUMMARY  Of  SPECIAL  LOW  TEMPERATURE  TESTS 


from  Reference  No. 
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TABLE  v: 


HOLDUP  MEASUREMENTS  OF  RECYCLED  FUEL' 
(Shell  Cold  Flow  Tester) 


FUEL  LFP-1  v  2  '' 

Test  A 

Test  B 

Test  C 

Temp,  of  Holdup  Measurement 

°C 

-44.2 

-44.4 

-44.6 

T  Hoi  duo 

New  -uel 

12.0 

10.5 

9.5 

Recycle  =1 

n  .5 

6.0 

6.3 

Recycle  =2 

10.5 

5.5 

4.0 

Recycle  =3 

6.5 

4.0 

Recycle  =4 

n.o 

8.5 

-:JEL  LFD-8'3^  1 

lest  A 

Test  B 

Test  C  Test  D 

Test  E 

"est  F 

Temp,  of  Holdup  Meas.  °C 

-S3. 2 

-53.3 

-53.2  -53.2 

-53.2 

-53.3 

*  Holdup 

New  Fuel 

11.0 

10.0 

6.5  8.0 

7.0 

12.0 

Recycle  =1 

n.o 

11  .0 

11.0  15.0 

14.0 

11 .0 

Recycle  3 2 

10.5 

n.o 

10.0  10.0 

16.0 

12.0 

Recycle  33 

12.0 

8.5 

14. C 

14.0 

(1)  Tests  on  a  new  sample  followed  by  several  cycles  of  remixing  the 
separated  components  and  retesting. 

(2)  Boeing  data  £rom  Figure  10  shows  a  holdup  variation  from  5  to  60 L 
at  about  -44°C. 

(3)  Boeing  data  from  Figure  4  shows  a  hoi  duo  variation  from  14  to  60'.- 
at  about  -53°C. 
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FIGURE  3 


VERTICAL  TEMPERATURE  PROFILES  AT  START  OF  FUEL  WITHDRAWAL 

FUEL  ( LFP-1 ) 


Height 
Above 
Bottom 
Skin,  cm 


-50 


-ho 


-60 


Teroeratu^e. 


-50 


FIGURE  4 


TANK  FUEL  TEMPERATURE  PROFILE  SCHEMATIC 


COMPARISON  Of  OBSERVED  AND  ESTIMATED  HOLDUP 


Estimated  llol^un 


FFERENCE  BETWEEN  ESTIMATED  AND  OBSERVED  HOLDUP  BY  TIJEL  TYPE 


NUUdlaj*>iU  UI)J 


SOL  I U I  r  I  CAT  I  ON  INDF.X 


Ti'rnrr  '’  t  uro  P-onrli 
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F1GURE  9 


SHELL  COLE  FLOW  ~5TER  -  SECT  IQ ‘1 A  [  ELEVATION 


i 
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AIRCRAFT  DESIGN  CONSIDERATIONS 

During  the  development  of  this  report,  it  became  necessary  to  inquire  into 

certain  aircraft  design  considerations  which  have  bearing  on  the  low 
temperature  fuel  problem.  The  findings  are  included  for  reference. 

Fuel  Management 

The  recognition  that  fuel  temperature  is  a  function  of  the  location  of  the 
fuel  in  the  aircraft  tankage  has  prompted  the  suggestion  that  fuel  simply  be 

used  in  a  different  manner.  For  example,  the  fuel  in  the  outboard  wing  tanks 

cools  more  rapidly,  is  held  until  late  in  the  flight  and  reaches  a  lower 
temperature  than  does  fuel  at  the  wing  root  or  in  a  center  wing  or  fuselage 
tank.  From  this  standpoint,  logic  says  that  the  outboard  fuel  should  be  used 
first  and  the  inboard  fuel  which  stays  warmer  should  be  saved  for  the  later 
part  of  the  flight.  This  reversal  of  procedure  is  impractical  to  the  airplane 
operator  and  is  undesirable  to  the  aircraft  designer.  The  intimate 
relationship  of  fuel  management  schemes  and  aircraft  efficiency  is  not  known 
to  many  outside  the  airline/airframe  industry.  A  brief  review  of  this 

relationship  is  brought  into  this  report  to  better  define  the  alternatives 

available  in  applying  other  data  in  this  report  to  improving  the  cold  fuel 

supply  situation. 

The  way  fuel  is  held,  transferred,  and  used  in  an  aircraft  is  known  as  its 

fuel  management  schedule.  Specific  comDonents  or  fuel  subsystems  mav  be 
installed  to  accomplish  this  task.  Tne  combination  of  the  fuel  management 
schedule  and  the  fuel  tankage  arrangement  of  an  aircraft  has  a  very 

significant  effect  on  the  minimum  fuel  temperature  experienced  on  a  given 

flight. 

Study  of  various  aircraft  will  show  that  there  are  many  different  fuel 

management  systems  in  use.  Fuel  management  can  be  quite  complicated  on  a 

large  multi-engine  aircraft  and  may  vary  with  aircraft  model  and  with  specific 
missions.  Generally,  fuel  management  schemes  have  been  driven  by  requirements 
for  center-of-gravity  (CG)  control  and  structural  load  control  with  the 

ultimate  goal  of  having  a  more  productive  airplane  design. 

Aircraft  CG  shift  can  be  controlled  by  moving  fuel  among  the  tanks  or  by  using 
fuel  from  the  tanks  to  the  engines  in  a  prescribed  manner.  These  fuel 
management  techniques  may  be  applied  during  aircraft  loading  to  either  allow 
more  variation  in  where  payload  can  be  placed  aboard  the  aircraft,  or  to 
accommodate  specific  cargo  loadings  where  weight  may  ho  concentrated  at  a 
specific  location. 

Structural  load  control  is  usually  practiced  by  maintaining  fuel  outboard  in 
the  wings  to  counter  aerodynamic  loads.  Load  alleviation  using  counteracting 
fuel  load  forces  results  in  a  lighter  airframe  structural  reauirement  than  if 
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the  aerodynamic  loads  were  handled  by  pure  structural  strength.  Wing  flutter 
damping  by  maintaining  fuel  mass  outboard  also  results  in  reduced  structural 
weignt  of  the  airframe.  Reduced  airframe  weight  can  allow  greater  payloads  or 
can  give  greater  fuel  efficiency  to  the  airplane. 

Combinations  of  CG  control  and  structural  load  control  can  be  used  in  other 
ways  to  reduce  airplane  weight  and  drag.  These  concepts  are  "built  in"  to  the 
basic  airplane  design  to  make  it  the  most  efficient  package  possible. 

Deviations  from  normal  fuel  management  schedules  to  maintain  fuel  temperatures 
at  higher  levels  would  have  to  be  evaluated  for  each  specific  aircraft  to 
determine  what  penalties  may  result.  If  the  deviations  were  frequent,  they 
could  result  in  greater  fuel  consumption  which  would  be  counterproductive  to 
the  original  intent  of  increasing  fuel  availability  and  reducing  costs  by  fuel 
freezing  point  increases. 

Future  desi gn/procurement  requests  for  specific  aircraft  should  include 
studies  to  evaluate  the  trade-offs  involved  in  designing  the  vehicle  to 
accommodate  fuel  of  an  increased  freezing  point.  These  studies  would  include 
alternative  fuel  management  concepts. 

Fuel  Tank  Insulation  and  Heating 


There  are  many  alternatives  which  may  be  used  to  improve  the  ability  to 
operate  aircraft  with  fuels  of  higher  than  traditional  freezing  points.  Some 
schemes  are  being  studied  and  tested  which  affect  the  design  of  the  aircraft 
and  its  systems. 

Fuel  tank  insulation  would  reduce  the  fuel  cooling  rate  and  may  ameliorate  the 

effects  of  low  atmospheric  temperature  transients.  The  application  of 

insulation  to  the  outside  of  a  wing  surface  will  affect  the  drag  of  the 

airfoil.  Internal  insulation  is  very  difficult  because  of  the  complexity  of 

internal  structure.  Tne  available  fuel  volume  would  be  reduced.  Spraying  of 
foam- in-place  insulation  would  cover  the  internal  structure  and  hinder  the 
very  important  procedures  of  structural  inspections  and  corrosion  control. 

Tank  fuel  heating  schemes  abound  and  have  significant  possibilities  of 

replacing  currently  employed  cooling  methods.  If  a  currently  installed 
cooling  system  can  be  replaced  or  modified,  the  penalty  of  added  equipment  can 
be  reduced.  Fuel  temperatures  and  systems  have  upper  limits;  so  the  hot  day 

cooling  case  must  be  a  part  of  every  evaluation  of  suggestions  for  using  fuel 

as  a  heat  sink. 

NASA  CR - 1 59568  evaluated  five  concepts  for  tank  fuel  heating  (1).  Design  and 
Evaluation  of  Aircraft  Heat  Source  Systems  for  use  with  High-Freezing  Point 
Fuels,  A.  J.  Pasion,  NASA  CR-159568,  May  1979.  Two  concepts  were  selected 
from  five  candidates  for  further  evaluation.  These  used  either  engine  oil 

heat  or  an  engine-driven  electrical  generator  to  furnishing  energy  for  fuel 
tank  heating.  A  NASA  contract  has  been  let  to  Lockheed  California  Company  to 
experimentally  examine  the  selected  heating  systems  and  to  assess  their  effect 
on  fuel  recovery  from  a  simulated  wing  tank. 

( i )  Design  and  Evaluation  of  Ai^cra^t  Heat  Source  Svst.ems  for  use  with 
High-Freezing  Do i nt  F^e^s,  A.  J.  Pasion,  NASA  CR-1535S8.  Mav  !?"c. 


Triere  are  fundamental  considerations  to  be  *ept  in  mind  on  any  design  change. 
These  induce  safety,  complexity,  neliabiiity,  operating  and  maintenance 
costs,  aesign  ana  installation  costs,  Tuel  consumption,  weight,  etc.  Safety 
will  not  oe  compromsec,  so  the  final  con.si aerati on  in  any  evaluation  will  te 
tne  economic  benefits  versus  the  economic  penalties.  The  manufacturing  costs, 
trie  installation  costs,  ano  the  operating  costs  not  affected  by  tuel  price  can 
be  readily  evaluated.  There  is  a  definite  need  to  establish  the  fuel  price 
effects  of  any  fuel  freezing  point  specification  change  in  order  tnat 
decisions  can  be  made  on  design  changes. 

Fuel  Temperature  Measurements 

All  aircraft  have  a  consideration  of  fuel  temperature  in  their  aesign  and  in 
their  operating  i  nstructi ons .  Some  aircraft  have  no  direct  temperature 
measurement,  but  rely  on  the  use  of  air  temperature  limits  to  control  fuel 
temperatures.  Where  airect  fuel  temperature  measurement  is  provided  the 
system  is  based  or  considerations  of  both  high  i  low  fuel  temperature  limits, 
tuel  system  aesign,  tuel  management  procedures,  accessibility  for  production 
ana  maintenance,  system  precision,  system  reliability  (simplicity),  cost 
effectiveness,  and  anticipated  aircraft  operations. 

Ire  typical  aircraft  fuel  temperature  indicating  system  is  made  up  of  one 
thermistor  type  sensing  element  and  ore  cockpit  mounted  indicator.  The 
sensing  element  is  the  varying  resistance  in  a  Wheatstone  bridge  circuit  with 
all  the  electronics  contained  in  the  indicator  housing.  Cockpit  display  panel 
space  has  been  a  limiting  factor  so  if  more  than  two  locations  were  to  be 
aispiayea  a  switch  was  used  to  select  the  desired  circuit.  Future  designs 
will  have  similar  circuitry,  but  the  signal  will  be  nicroprocessea  ano  fed 
into  an  on  Doaro  computer.  The  information  will  be  displayed  digitally  tc  tne 
flight  crew  on  a  color  screen  at  their  c unman c. 

The  fuel  tank  temperature  probe  is  usually  mounted  so  as  to  be  batheo  in  fuel 
during  tne  desired  period  of  tlicnt.  This  means  that  it  is  probably  in  a  main 
fuel  tank.  The  probe  will  likely  penetrate  either  the  front  cr  rear  tar  I 
bounce^  at  mi c-nei cnt  due  tc  structural  strength  cc^s iaeratiors.  Tne 
penetration  into  tne  fuel  will  vary  anc  may  be  aetermmec  by  a  desire  to  use  a 
common  temperature  sensor  m  tne  fuel  system,  tne  hyoraulic  system  arc  the  oil 
system,. 

Trie  coldest  or  warmest  fuel  may  be  at  locations  other  trier  where  the  probe  is 
iocatec.  Inere  are  tolerances  or  all  the  parts  of  the  system  tnat  must  re 
corsicerec  as  well  as  fuel  temperature  gradients.  The  properties  of  tne  fuel 
arc  the  accuracy  c.f  test  methocs  for  determining  these  oroperties  must  be 
c  or  si cerec. 

After  all  of  the  variables  are  taker  into  account  the  manufacturer  establishes 
a  margin  relative  to  tne  measured  freeze  point  of  the  fuel  wmch  snoulc  be 
maintained  at  the  cockpit  indicator  to  ensure  satisfactory  system 
performance.  These  margins  can  be  expected  to  vary  among  tne  many  airplanes 

■■  ..  st  cue  tc  tbeir  ties’  o' f Terences.  Vac"*  tio'-al  lv  '.'..o'  freeze  points  we-e 

.  (  Vi/*  "  '<  *  th  i  t  **  - 1  *■*  &  ']'**  i**-,  ZC'i r  1 1  r  S  j'_  C  -  r  J  c'iO  r 

ro'  •'e.e  v-c  ’ft  «  a“en* '  o*- .  *'•-  -e- ■ f  /•'-esfic*-*z 

availability  of  aviation  turtnne  fuel  and  the  resulting  pressjre  to  raise 
allowable  fuel  freeze  points  will  ’~eauire  increased  attention  to  the  details 
of  fuel  temperature  measurement  svs*em  rec;i''?nan‘;  and  use. 
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RELATION  OF  FUEL  COMPOSITION  TO  LABORATORY  AND  SIMULATOR  TESTS 


The  wax  which  forms  in  a  fuel  at  low  temperature  is  composed  of  normal 

paraffins.  Since  the  n-alkane  composition  of  eight  of  the  test  fuels  had  been 
determined  by  gas  chromatographic  analysis  as  shown  in  Table  B-I,  it  seemed 
desirable  to  relate  these  data  on  composition  to  the  results  of  various 

laboratory  tests  and  to  the  Solidification  Index  which  was  shown  in  the  report 
to  correlate  with  holdup  in  tank  simulator  tests.  The  test  data  on  the  eight 
fuels  are  shown  in  report  Table  V. 

There  is  a  strong  relationship  between  S.I.  and  each  of  the  other  low 
temperature  tests  as  shown  by  Figure  8  for  these  eight  fuels.  As  the  report 
points  out,  other  tests  besides  Freezing  and  Pour  Points  might  have  been  used 
to  develop  the  correlation  with  holdup,  but,  for  initial  correlation  studies. 
Freezing  and  Pour  Points  seemed  like  reasonable  approximations  of  the  extremes 
of  0  and  100%  holdup  respectively. 

Each  of  the  low  temperature  tests  also  represents  some  degree  of  precipitated 
wax  in  liquid  fuel.  By  definition,  the  Freezing  Point  represents  a  liquid 

fuel  at  the  melting  point  of  the  last  wax  crystal.  For  the  other  tests,  the 

amount  of  wax  present  at  the  designated  end  point  is  unknown.  One  way  of 
estimating  this  amount  of  wax  is  to  relate  the  cumulative  percentage  of 
n-alkanes  in  each  fuel,  starting  with  the  highest  molecular  weight,  to  each 
test  result.  A  computer  study  was  undertaken  to  develop  these  relationships 
for  each  test  as  well  as  the  Solidification  Index  of  holdup  itself. 


Freezing  (Melting)  Point  of  pure  n-alkanes 


The  melting  point  of  individual  normal  paraffins  is  far  higher  than  the 
freezing  (i.e.  melting)  point  observed  for  a  fuel  containing  a  mixture  of 
n-alkanes  (as  well  as  other  tvpes  of  hydrocarbons )  due  to  eutectic  effects. 
Figure  B-l  is  a  plot  of  individual  n-alkane  melting  points  against  carbon 
number.  On  this  same  plot  the  freezing  point  of  the  eight  test  fue^  are  also 
shown,  the  horizontal  lines  cover  the  range  of  carbon  numbers  of  the  three 
highest,  molecular  weight  n-alkanes  detected  in  each  fuel.  Petrovic  and 
Vitorovic  have  published  a  method  for  estimating  the  freezing  point  of  ,iet 
fuels  based  on  the  last  three  members  of  the  n-alkanes  detected  in  fuel  (1). 
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For  the  jet  fuels  (numbered  1,  8  &  9),  there  appears  to  be  a  minimum 
temperature  difference  of  almost  60-70°C  between  the  highest  n-alkane  melting 
points  and  observed  freezing  points.  For  the  heavier  diesel  fuels,  the 
minimum  temperature  difference  to  the  freezing  point  is  less.  This  trend 
suggests  that  the  molecular  weights  and  amounts  of  the  highest  carbon  number 
n-alkanes  may  correlate  with  freezing  point  and  with  the  other  low  temperature 
tests  where  wax  is  present  to  some  extent  as  a  temperature  end  point  lower 
than  the  freezing  point  is  observed. 


Computer  Model  for  Relating  n-alkanes  to  Low  Temperature  Tests 


Preliminary  plots  of  cumulative  percent  n-alkanes  starting  with  the  highest 
warbon  number  against  S.I.  suggested  that  a  good  correlation  would  exist  at 
relatively  low  levels  such  as  2%.  The  computer  was  then  instructed  to  make  a 
linear  interpolation  for  one,  two  and  three  percent  n-alkanes  starting  with 
the  highest  carbon-number  (Table  B-l)  for  each  fuel.  Regressions  between 
these  different  percent  wax  levels  and  the  various  test  temperatures  reported 
in  Table  B-II  were  computed.  The  significant  results  with  R2  greater  than 
0.95  and  f  greater  than  100  are  summarized  in  Table  B-III. 


The  best  correlation  was  found  between  the  Enjay  Fluidity  Test  and  the  two 
percent  level.  However,  other  tests  showed  good  correlations  also.  The  best 
values  are  underlined  in  Table  B-III  and  can  be  summarized  as  follows: 


Test 


%  n-alkanes 
One  Two  Three 


Freezing  Point 
Pour  Point 

Cold  Filter  Plugging  Point 
Enjay  Fluidity 
Seta  Detector 
Shell  Cold  Flow 
S.I.  = 


Figure  B-2  is  a  computer  plot  of  the  residual  error  between  actual  Freezing 

Point  and  the  Freezing  Point  predicted  from  the  one  percent  n-alkane  level. 

Except  for  LFP-7  the  error  was  within  2.5°C  (The  Petrovic  correlation 
standard  error  for  jet  fuels  only  is  0.6°C.) 

Figure  B-3  is  the  computer  plot  of  the  Seta  Point  Detector  residual  error  in 

prediction  at  one  percent  n-alkane.  It  apoeans  to  be  as  good  or  better  than 

Freezing  Point. 

figure  B-4  is  the  computer  plot  of  Enjav  Fluidity  Test  residual  error  at  the 
two  percent  n-alkane  level.  All  values  are  within  2°C.  For  comparison  Fig. 
3-5  is  the  computer  plot  of  Solidification  Index  residual  error  at  the  two 
percent  n-alkane  level.  The  maximum  error  is  about  4°C. 


« 
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Trie  different  percent  n-alkanes  which  proved  to  have  the  best  correlation 
coefficients  with  each  test  can  he  translated  into  the  lowest  carbon  "numbe^ 
(or  the  lowest  molecular  weight  n-oaraffin)  associated  with  each  amount  of 
wax.  When  this  lowest  carbon  number  for  each  fuel  is  regressed  against  the 
temperature  reported  for  each  test,  the  equations  in  Table  B-IV  result,  these 
equations  are  plotted  in  Figure  B-7  to  illustrate  how  one  could  estimate 
Freezing  Point,  Solidification  Index  or  any  other  test  from  the  composition  of 
the  wax.  That  composition  is  estimated  hy  the  technique  illustrated  in 
Table  B-IV. 
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"fie  one  percent  correlation  with  Freezing  Point  seens  very  reasonable  since 
tne  definition  of  the  temperature  at  eno  point  is  consistent  with  wax  content 
approaching  zero.  By  the  sane  token,  tne  Seta  Point  Detector  was  designed  to 
attempt  to  match  the  freezing  point,  i  .e.  minimum  wax.  The  wax  to  plug  tne 
filter  of  tne  Cold  Filter  Plugging  lest  also  appears  to  be  present  in  small 
quantity  . 

The  three  percent  correlation  with  Pour  Point  ana  the  Shell  Cold  Flow  lest  is 
interesting  since  each  test  involves  nolaup  of  iiquic  fuel  by  c  wax  matrix  at 
tne  critical  terrperature.  Since  S.l.  is  an  approximate  average  of  Freezirc 
ana  Pour  Points,  good  correlation  of  S.l.  at  two  percent  is  to  he  expectec. 
Tt.e  tr. jay  Fluidity  lest  with  its  excellent  correlation  at  the  2‘,  level  ray 

p-cve  to  be  as  gooc  as  S.l.  in  correlating  with  actual  holdup  in  simulator 
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knowledge  of  the  n-alkane  content  makes  it  possible  to  estimate  the 

composition  of  the  precipitated  wax  in  terms  or  the  limiting  (or  average' 
carbon  •itinrer  (i.e.  rciecular  weight;  Tor  a  specific  level  of  precipitation. 

Far  tnis  stucy  tne  technique  for  estimating  compos Uior  is  based  or  fractions 
cccec.  to  tne  C'-i  n -paraffin  which  is  tne  richest  n-a  Ixere  found  in  tne  test 
*  .t-s.  fesec  c>r *tms  technique  applied  to  eight  test  fuels,  it  is  possible  tr 
use  trie  appropriate  equations  c-  graphs  to  predict  not  only  Tue!  Freezing 
Point  anc  bo  i  1 ci f i cati on  Ir  oex  hut  also  other  low  temperature  test  results, 
winch  involve  a  mixture  of  wax  crystals  in  iiquic  fuel.  It  is  unfortunate 
tnat  compositional  data  are  available  on  only  eignt  fuels  because  a  larger 
or  eg  cf  data  might  indue  it  possible  to  optimize  this  met  no  o  *or  utilizing  fuel 
s'c  ...  sis  •••ith  respect  to  each  or  tne  iov.  temperature  tests. 

Ire  netnocs  discussed  1  it  this  Appendix  were  not  appi  iec  to  fuels  containing  a 
f  i ow  m  never.  Ine  effects  ot  flow  improver  on  tnese  correlations  is  not 


SUMMARY  STATEMENTS 


The  n-alkane  content  of  fuels  can  be  used  to  estimate  the  Freezing  Point  of 
fuels  in  confirmation  of  the  Petrovic  and  Vitorovic  correlation,  and  also 
to  predict  the  results  of  other  low  temperature  tests. 


The  concept  of  using  a  low  but  fixed  cumulative  percent  of  the  highest 
molecular  weight  n-alkanes  in  fuel  to  predict  the  wax  present  in  two-phase 
tests  such  as  CFPP,  Enjay  Fluidity,  Shell  Cold  Flow,  Setapoint  Detector, 
etc.  appears  to  be  supported  by  tne  high  correlation  coefficients  obtained. 


For  any  given  level  of  precipitated  wax,  it  is  possible  to  estimate  wax 
composition  and  from  this  estimate  to  approximate  the  corresponding 
temperature  of  any  of  the  low  temperature  tests. 


Solidification  Index  shows  a  high  correlation  coefficient  with  two  percent 
n-alkanes.  The  Enjay  Fluidity  Test  also  correlates  well  with  two  percent 
n-alkanes  and  should  be  investigated  further  for  use  in  analyzing  holdup  of 
wax  in  simulator  tanks. 


Although  this  computer  study  has  perforce  been  limited  to  eight  test  fuels, 
the  concept  of  applying  GC  analysis  for  n-alkanes  to  predict  low 
temperature  laboratory  and  bench  tests  should  be  expanded. 


n~Alkanes  in  Jot  Fuels* 


Analytical  precision  was  -  5.6  pet  cent. 
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TABLE  B-  III 

CORRELATION  COEFFICIENTS  OF  VARIOUS  N-ALKANE 


CONTENTS  WITH 

LOW  TEMPERATURE  LAB  TESTS 

(8  TEST 

FUELS,  LFP-1  TO  LFP-9) 

Basis  for 

Cumulative  n- 

•al  kanes 

(Starting 

with  highest 

carbon  No. ) 

Laboratory  Test 

Code 

l?c 

L  /c 

2% 

Freezing  Point 

F 

0.992 

0.987 

0.971 

Pour  Point 

D 

0.947 

0.962 

0.970 

Cold  Filter  Plug  Pt. 

C 

0.989 

0.973 

0.936 

Enjay  Fluidity 

E 

0.990 

0.996 

0.982 

Seta  Detector 

D 

0.993 

0.990 

0.967 

Shell  Cold  Flow 

s 

0.958 

0.984 

0.993 

Solidification  Index 

0.97S 

0.9B3 

0.978 

1 
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TABLE  B- IV 


TEST  TEMPERATURE  VS.  CARBON  NUMBER  OF  WAX  PRECIPITATE 

(Equations  Relating  Different  Test  Temperatures,  °C,  To  Lowest 
N-alkane  At  Different  Levels! 


F  =  -8.34  (Cn  at  one  percent)  +  9.71 

P  =  -7.77  (Cn  at  three  percent)  +  12.38 

C  =  -8.52  (Cn  at  one  percent)  +  5,71 

E  =  -7.10  (Cn  at  two  percent)  +  9.29 

D  =  -7.19  (Cn  at  one  percent)  +  2.67 

S  =  -8.72  (Cn  at  three  percent)  +  22.37 

SI  =  -8.24  (Cr  at  two  percent)  12./5 


To  calculate  (C  at  x  percent),  add  weight  percent  n-alkanes 
starting  with  C,,  until  a  limiting  C.  is  reached.  For  example, 
LFP-1  at  IS: 


•alkane 

wt.S 

cum.  % 

A/.n_ 

C21 

0 

0 

i 

C20 

.01 

.01 

2 

C1 9 

.01 

.02 

3 

C18 

.16 

.18 

4 

C17 

.27 

.45 

5 

C16 

.51 

.96 

6 

C1 5 

1.19 

1.0* 

6.04* 

*  Includes 

portion  of 

C15 

/.  Cn  at 

one  percent 

1S  C(21  -6.04) 

=  C1 4.96 

% 
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LOW  TEMPERATURE  MEASUREMENT  METHODS 


The  fuel  low  temperature  test  methods  described  below  involve  either  one  or 
two  phases,  i.e.,  a  mixture  of  suspended  wax  in  fluid,  at  the  time  a 
measurement  is  made.  The  presence  of  either  one  or  two  phases  is  noted  in  the 
description  of  each  test.  Remarks  on  holdup  refer  to  the  apparatus  peculiar 
to  the  test  method. 

Freezing  Point  (ASTM  D  2386) 

While  being  stirred,  25  cm^  of  fuel  is  cooled  in  a  special  test  tube  to  the 
temperature  at  which  wax  crystals  appear.  It  is  then  allowed  to  warm  slowly 
until  the  wax  crystals  disappear  completely.  The  temperature  of  wax 
disappearance  is  the  freezing  point.  (Freezing  point  is  reported  to  the 
nearest  0.5°C.) 

Freezing  point  by  this  definition  is  equivalent  to  a  single  liquid  phase  and 
therefore  zero  holdup  if  all  of  the  fuel  was  at  a  temperature  equal  to  or 
greater  than  this  temperature. 

Pour  Point  (ASTM  D  97) 

As  163  cm^  0f  unstirred  fuel  is  cooled  in  a  special  test  tube,  it  is  checked 
at  5°F  (3°C)  intervals  to  see  whether  the  liquid  level  moves  in  response  to 
tilting  the  test  tube.  The  lowest,  temperature  at  which  movement  is  noted  is 
the  pour  point.  (Pour  point  is  reported  to  the  nearest  5°F  or  3°C.) 

At  the  pour  point  two  phase  conditions  exist,  a  liquid  phase  trapped  in  a  wax 
matrix.  It  could  correspond  to  maximum  holdup. 

Cloud  Point  (ASTM  D  2500) 

As  unstirred  fuel  is  cooled  in  a  pour  point  tube,  it  is  checked  every  2°F 
(1°C)  for  the  appearance  of  a  wax  cloud  or  haze.  The  cloud  point  is  the 
temperature  at  which  the  wax  haze  first  becomes  noticeable.  (Cloud  point  is 
reported  to  the  nearest  2°F  or  1°C.) 

Cloud  point  represents  the  first  appearance  of  a  second  phase.  It  could 
correspond  to  a  very  low  degree  of  holdup. 

Note:  Although  none  of  the  above  three  tests  specify  the  rate  of  cooling  in 
degrees  per  hour,  the  cooling  rate  is  controlled  in  each  test  by  using 
constant  temperature  baths  at  specified  temperatures  and  by  closely 
delineating  the  testing  apparatus  and  sample  volume. 


Shell  Cloud/Pour  Analyzer 

This  is  an  automatic  instrument  that  measures  the  thermal  crystal  point  (TXP) 
or  temperature  at  which  wax  is  initially  separated  during  controlled  cooling. 
This  temperature  is  detected  by  thermal  analysis.  The  instrument  also 
measures  as  a  solid  point  (TSP)  by  a  falling-ball  technique.  Experience  has 
indicated  that  the  TXP  and  TSP  predict  cloud  and  pour  point,  respectively. 
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Shel 1  Cold  Flow  Test 


The  tester  is  comprised  of  two  fuel  compartments,  separated  by  a  poppet 
valve.  A  measured  volume  of  fuel  is  placed  in  the  upper  compartment  of  the 
tester  and  cooled  to  the  test  temperature.  The  poppet  valve  is  then  opened 
for  a  fixed  time,  and  the  amount  of  fuel  drained  to  the  lower  compartment 
measured.  The  test  is  repeated  at  different  test  temperatures  to  establish 
the  minimum  temperature  at  which  all  fuel  will  drain  from  the  top  to  bottom 
compartments  of  the  tester.  Complete  test  details  are  given  in  the  Journal  of 
the  Institute  of  Petroleum,  November  1962.  (See  Figure  9  and  discussion  in 
the  section  on  Effect  of  Repeated  Freezing  of  Fuel  Specimens  in  main  text.) 

Cold  Filter  Plugging  Point  Test  (CFPP)  (Institute  of  Petroleum  -  IP  309) 

The  test  sample  (45  cm3)  is  cooled  at  a  rate  of  40°C  per  hour  to  the  desired 
test  temperature.  At  intervals  of  1°C,  a  vacuum  of  200  mm  water  gauge  is 
applied  to  draw  the  fuel  through  a  45-micron  wire  mesh  filter.  The  CFPP  is 
defined  as  the  highest  temperature  at  which  the  fuel  will  not  flow  through  the 
filter  or  require  more  than  60  seconds  for  passage  of  20  cm3  of  fuel. 

CFPP  is  a  measure  of  the  wax  present  in  a  two-phase  flow  system.  It  might 
correspond  to  an  intermediate  level  of  holdup. 

* 

The  Enjay  Fluidity  Test  (EFT) 

The  fluidity  tester  consists  of  two  graduated  transparent-plasti c  cylinders 
(3.8  mm  in  diameter)  which  are  screwed  together  to  form  two  compartments  with 
an  interconnecting  brass  capillary  (2.54  mm  in  diameter).  A  fuel  sample  of 
40  ml  is  placed  in  the  lower  compartment  and  cooled  in  a  cold  temperature  bath 
at  4°F  per  hour  to  the  test  temperature.  The  tester  is  inverted  and  the 
volume  of  fuel  recovered  in  the  lower  compartment  after  three  minutes  is 
measured.  This  procedure  is  repeated  at  several  test  temperatures  to 
determine  the  temperature  at  which  80  vol  %  is  recovered  in  the  lower 
compartment, 

EFT  temperature  implies  about  20%  holdup  in  this  device. 

Setapoint  Detector 

This  instrument  is  designed  to  predict  the  freezing  point  of  aviation  turbine 
fuel.  About  6  ml  of  fuel  is  contained  in  a  sample  chamber  bored  into  the 
center  of  an  aluminum  block  with  an  illuminated  viewing  window.  The  fuel  is 
circulated  at  1  ml  per  second  at  10  mm  Hg  pressure  through  a  400-mesh  (33 
microns),  stainless  steel  filter.  The  aluminum  block  temperature  is 
controlled  by  compressor  refrigeration  and  thermoelectric  cooling.  The 
temperature  at  which  either  the  filter  plugs,  NO  FLOW  point,  or  at  which  flow 
resumes  on  heating,  FLOW  point,  can  be  used  to  define  low  temperature 
behavior.  The  FLOW  point  has  been  correlated  with  ASTM  D2386/IP16  freeze 
point. 

Setapoint  is  a  measure  of  the  wax  present  in  a  two  phase  flow  system.  It 
might  correspond  to  either  low  or  intermediate  holdups. 
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